It has been suggested that extreme weather events may be treated as natural experiments that may unravel the mechanisms by which birds adjust their phenology and breeding parameters to environmental variability. In 2017, a sudden and heavy drop of temperatures for several days affected many European bird populations. This event occurred during the laying-early incubation period in the great tit (Parus major) population in central Poland, causing a large delay in hatching and had sustained reproductive consequences. This cold snap occurring once breeding activity had already started in 2017 was followed by the warm and invariable breeding season of 2018. This natural experiment had an essential influence on great tit reproductive parameters. We found a significant difference in hatching date, number of fledglings, hatching success, and fledging success between 2017 and 2018. In 2017, there were about two fledglings per nest fewer than in 2018. Fledging success was positively associated with hatching delay in 2017, while the relation was negative in 2018. Hatching success differed significantly between both years, being higher in 2018. Mean level of hemoglobin (used as index of body, physiological condition) in the blood of nestling great tits was higher in 2017 than in 2018. We argue that the moment of hatching may be (at least in some years) more tightly related to the moment of maximum food demand of tit nestlings than the traditionally used laying date. Also in extreme years, phenotypic plasticity of hatching delays may be insufficient to adjust the timing of breeding to the upcoming extreme weather events. Further examining its limits may be an important goal for future research.
Introduction
There is still little information about how climate change and extreme weather events may influence breeding traits and reproduction parameters in animals (Charmantier et al. 2008; Pipoly et al. 2013; Charmantier and Gienapp 2014; Glądalski et al. 2016 Glądalski et al. , 2018a Mainwaring et al. 2017; van de Pol et al. 2017; Wingfield et al. 2017 ). Therefore, it was suggested that those extreme weather events may be treated as natural experiments that could shed light on the mechanisms by which birds adjust their breeding characteristics to environmental variability (Jentsch et al. 2007; Bailey and van de Pol 2016; Marrot et al. 2017) . Radchuk et al. (2019) in their meta-analysis focusing on birds suggest that the evolutionary load imposed by incomplete adaptive responses to ongoing climate change may be threatening the persistence of species. In addition, examining the limits of phenotypic plasticity of those breeding characteristics may be an important goal for future research Wesołowski et al. 2016; Chevin and Hoffmann 2017; Bonamour et al. 2019) .
Variation in ambient temperature affects all life stages of organisms (Stearns 1992) . Extreme weather episodes may disturb life history strategies of various species and may have complex effects on fitness (Haftorn 1988; Chamberlain and Pearce-Higgins 2013; Whitehouse et al. 2013; Mainwaring and Hartley 2016) . In birds, extremely cold spells may induce egg rejection behavior (this behavior could serve as a mechanism for maternal clutch size adjustment in passerines in response to extreme cold periods, Shitikov et al. 2019 ), negatively influence hatching success (in white storks, Ciconia ciconia, frost during incubation may negatively influence the hatching success, Tobolka et al. 2015) , or lead to higher nest mortality (extreme weather events may cause high late mortality even for stork nestlings older than 30 days, Tobolka et al. 2015 ; extreme drought may alter breeding success in willow flycatchers, Empidonax traillii, Theimer et al. 2018) . Extremely cold spell may also cause much lower biomass of nestlings (low temperatures and long-lasting heavy and frequent rain may cause lower amount of food and may cause difficulty with feeding nestlings, Whitehouse et al. 2013) , cause large hatching delay (Whitehouse et al. 2013; Glądalski et al. 2018a) , or even cause egg freezing and egg cracking, resulting in the loss of whole clutches (Hale 1933 , Musselman 1939 , Indykiewicz 2015 . Little is known about the flexibility of the hatching delay (a difference between the expected date and the observed hatching date was considered as a hatching delay) and its consequences on breeding parameters (Kluen et al. 2011; Lee and Lima 2017) .
In insectivorous passerines, like tits, temperature has a crucial influence on the optimal laying date and reproduction, because it affects trophic conditions for egg formation, conditions for incubation, and the timing of peaks in spring caterpillar abundancethe main food source for the nestlings (Perrins 1991) . 2017 was not, in general, an abnormally colder year, but a sudden drop of temperatures for several daysa cold snapduring the laying-early incubating period in Polish populations of the great tit (Parus major) caused a marked hatching delay (Glądalski et al. 2018a ). That harsh period was followed by completely opposite, warm and invariable breeding season of 2018. In this paper, we report on response of breeding parameters (hatching success, fledging success, physiological condition of nestlings) of great tits to extreme laying-early incubating temperature variation between 2017 and 2018. We predict that birds that came across the large temperature drop in 2017 should have a lower fledging success and hatching success than birds in 2018. We also predict that nestlings from 2017 should have a lower concentration of hemoglobin than nestlings from 2018. Hemoglobin concentration, as a physiological condition indicator of nestling altricial birds (Campbell 1995; Lill et al. 2013; Minias 2015; Johnstone et al. 2017; Kaliński et al. 2017 Kaliński et al. , 2019 , is currently eagerly used in experimental and field studies of birds (Lill et al. 2013; Podlaszczuk et al. 2017; Glądalski et al. 2018b Glądalski et al. , 2019 . Studies on tits (Paridae) at our study areas in central Poland suggest that a higher level of hemoglobin is positively related to good physiological condition of nestlings Glądalski et al. 2018b ).
Materials and methods
This study was carried out as a part of long-term research project concerning the breeding biology of secondary holenesting birds occupying nest boxes near Łódź, central Poland (51°47′ N, 19°28′ E) . The forest study area (51°50′ N, 19°29′ E) and the urban parkland study area (51°45′ N, 19°24′ E) are located in two, structurally and floristically contrasting habitats (10 km apart). The urban parkland site (about 80 ha) consists of the botanical garden (about 64 ha) and the zoological garden (about 16 ha). Both gardens are considered as the biggest entertainment and recreation areas in Łódź. The vegetation of the parkland area consists of a mix of tree and shrub species including exotic species (Marciniak et al. 2007 ). The forest area is about 130 ha area in the center of large, mature mixed deciduous forest (1250 ha in total), bordering on the NE suburbia of the city of Łódź. Oaks (Quercus robur and Q. petraea) are predominating tree species in the Łagiewniki Forest.
The forest study area and the urban parkland study area were supplied with standard wooden nest boxes (Lambrechts et al. 2010) . About 200 nest boxes were placed in the parkland and about 300 nest boxes were placed in the forest. All the nest boxes were set on trees at a height of about 3 m. All the distances between neighboring nest boxes were about 50 m. A total of 94 first clutches of great tits were studied in 2017 (blood samples were taken from nestlings from 80 clutches), and a total of 67 first clutches of great tits were studied in 2018 (blood samples were taken from nestlings from 62 clutches). The great tit nestlings were banded with individually numbered metal rings, and wing length was measured (to the nearest 1 mm) 13-14 days after the hatching. The number of fledglings is an equivalent to the number of fledglings in a brood (1284 fledglings in 2017 and 1263 fledglings in 2018).
The large temperature drop in 2017 was also recorded in many tit populations (and other bird populations, Shitikov et al. 2019 ) all over the Europe: in Belgium, England, France, Germany, Hungary, the Netherlands, Poland (Figs. 1, 2) , Sweden, and others (see Glądalski et al. 2018a ). The critical period of the temperature drop during the layingincubating period in April of 2017 lasted for about 5 days. The mean ambient temperature dropped to about 2-3°C ( Fig. 2) . Following Altwegg et al. (2017) and van de Pol et al. (2017) , we define this sudden drop in ambient temperature for a period of time during laying-early incubating period as an extreme weather event that caused the biological response to be in the 5% of most extreme values of the biological response variable (hatching delay). The local temperatures for Łódź were obtained from TuTiempo.net climate database (https:// en.tutiempo.net/climate/ws-121055.html and http://www. tutiempo.net/en/Climate/LODZ/124650.htm).
We calculated the expected hatching dates as follows: first egg date + clutch size +12 (incubation in great tits normally lasts 13 days, and the female often starts to incubate 1 day before completing the clutch (García-Navas and Sanz 2011, Glądalski et al. 2018a) ). The difference between expected date and observed hatching date was considered as a hatching delay (positive values mean a delay, while negative values mean that hatching occurred before the expected date). In calculations, the mean laying dates were expressed as days from 1 March. In Fig. 1 , we used laying-early incubating warmth sums, which were calculated as the sums of the mean daily temperatures for a period of 7 days starting from the 4th day since the first egg date to characterize thermal conditions during egg laying (Glądalski et al. 2018a ).
The individual nestling values of hemoglobin concentration were treated as unit records and analyzed using mixed linear models, brood ID being included as a random factor to control for clustering; degrees of freedom were approximated by the Satterthwaite method (Heck et al. 2010) . Effects of year and study area on the hemoglobin concentrations (with controlling for wing length, number of fledglings, hatching delay, and interaction between years and hatching delay) were modeled in an ANCOVA style (Crawley 2002) . Effects of year, study area, and hatching delay on fledging success (fledging success refers to the proportion of eggs resulting in fledglings) and hatching success (refers to the proportion of eggs resulting in hatchlings) were calculated using a generalized linear model with binomial error distribution, the approximation of degrees of freedom by the residual method, applying logit link function (Crawley 2002; Heck et al. 2012) . Generalized linear and linear mixed modeling was performed using IBM SPSS Statistics 22 software (Heck et al. 2010 (Heck et al. , 2012 IBM SPSS 2013) .
Results
The patterns of variation in temperatures in April, during the first half of the breeding season, were very different between 2017 and 2018 in Łódź (Figs. 1, 2) . Mean warmth sums during laying-early incubating were very low in 2017 in comparison with 2018 ( Fig. 1) . Warmth sums (°C)
Year Great Tits the forest Great Tits the parkland Fig. 1 Laying-early incubating warmth sums, as the sum of the mean daily temperatures for the 7 days starting in the 4th day since the first egg date in great tits in the forest study area and in the urban parkland study area (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) (2018) In 2017, the sudden, long-lasting drop of temperature took place at the time of egg laying by tits and caused large hatching delays in great tits (mean 4.64 ± 2.61 SD days) in comparison with relatively invariable, warm spring in 2018 (mean − 0.52 ± 1.07 SD days) ( Fig. 3 ; F 1,169 = 254.3, P < 0.001). Those extremely different thermal conditions caused large differences in physiological condition of nestlings and fledging success in both years, but there was also a significant difference in hatching success. Clutch size was not significantly different between 2017 and 2018 (2017 mean 9.01 ± 1.41 SD, 2018 mean 8.96 ± 2.02 SD; F 1;169 = 0.32, P = 0.57), but the number of fledglings was significantly different (2017 mean 4.38 ± 2.90 SD, 2018 mean 6.33 ± 3.25 SD; F 1;169 = 14.59, P < 0.001, Fig. 3 ). Fledging success was significantly different between the years, being higher in 2018, with other significant effects being hatching delay and interaction between year and hatching delay (Table 1) . Fledging success was positively associated with hatching delay in 2017 (b = 0.41 ± 0.10 SE; Wald χ2 = 17.13, P < 0.001), while the relation was negative in 2018 (b = −0.33 ± 0.10 SE; Wald χ2 = 11.98, P = 0.001). Hatching success was significantly different between the years, being higher in 2018, and was significantly different between both study areas, being higher in the forest site (Table 1) . Hatching success was not significantly related to hatching delay. This suggests that the length of delay did not proportionally affect hatching success, but the very occurrence of the hatching delay was influential (year: 2017 hatching delays vs. 2018 no hatching delays).
Controlling for wing length, number of fledglings, and hatching delay, the level of hemoglobin was higher in 2017 than in 2018 with significant interaction between year and number of fledglings (Table 2, Fig. 3 ). The level of hemoglobin was more negatively associated with the number of fledglings in 2017 (est = −4.61, t = −5.51, df = 358.86, P < 0.001), while the relation was negative in 2018 (est = −1.30, t = −2.52, df = 284.22, P = 0.012).
Discussion
We found that a sudden drop of temperatures causing a cold snap in the breeding season of 2017 caused a larger hatching delay and lower fledging and hatching success than in 2018. An average great tit brood produced about two fledglings per nest fewer in 2017 than in 2018, whereas clutch size was not significantly different between 2017 and 2018. Fledging success was also positively associated with hatching delay in 2017, while the relation was negative in 2018. Hatching success differed significantly between 2017 and 2018 and between both study areas, being higher in the forest site. Mean level of hemoglobin in the blood of nestling great tits was, contrary to our predictions, higher in 2017 than in 2018. Visser et al. (2006) suggested that quantifying food resources is essential to establishing an understanding of phenology. When the temperatures are high enough, tit females start producing eggs, and then if there is a sudden temperature drop (and phenology of trees slows down, so the caterpillars for tit nestlings will be available later during the season), they may delay the moment of producing the next egg in a clutch or delay the moment of starting incubation (García-Navas and Sanz 2011; Kluen et al. 2011) . During the large temperature drop in 2017, great tits delayed hatching to match nutritional needs of nestlings with caterpillar phenology, but it was not enough. Many of nestlings in that year died because the tree phenology was strongly delayed. When first hatchlings appeared, many of the trees were still leafless, with only young buds present (own observations). Different studies show that the mean number of fledglings per female is lower in years when population/caterpillar mismatch is high (Reed et al. 2013) . In our study areas, with subsequent days, the amount of caterpillars grew up, but for the most broods, food conditions were harsh and nestling reduction within the broods was large in 2017 (and the clutch sizes were not significantly different between 2017 and 2018). Certainly, if females did not delay hatching in 2017, the number of dead nestlings would be much larger (and the number of fledglings would be expected to be even lower than it was). In the extreme 2017, larger hatching delay was related to later hatching and larger amounts of food for nestlings, but, in general, in tits, breeding characteristics (clutch size, physiological condition of nestlings, hatching success, fledging success) tend to decline during the course of the breeding season (Verhulst et al. 1995; Verboven and Visser 1998; Kaliński et al. 2019) . This negative relation between fledging success and hatching delay was present in the temperature-stable 2018. Tomás (2015) suggested that most studies conducted on optimal timing of breeding in birds have traditionally considered the date of the first egg as the event that should be related to the time of maximum food availability. In the context of the large hatching delays in 2017 found in our study, we argue that the moment of hatching may be (at least in some years) more tightly related to the moment of maximum food demand of tits' nestlings than laying date. Another (or supplemental) explanation may be that lower fledging success in the cold year could occur also because of the slower embryonic development as during the cold spell, the temperature for embryos could easily be suboptimal (Haftorn 1988) , and maybe the females could not buffer it totally with required amount of incubation (e.g., because they also needed increased food intake to maintain body temperature and conditione.g., comparing the time females spent with incubation in 2017 and in 2018 could be a test for it). This may lead to increased time to develop to hatching causing the large hatching delay, and it may also cause lower fledging success via greater embryonic/post hatching mortality.
Hatching success also differed between 2017 and 2018, being higher in cold spell free 2018. It may confirm that a cold spell may have negative effects on egg viability (Lee and Lima 2017) . On the other hand, the duration of hatching delay had no influence on hatching success, suggesting that the length of hatching delay may be not as significant as the very occurrence of the delay during harsh weather conditions (cold spell in 2017 vs. stable weather in 2018). Hatching success also differed between both study areas, being higher in the forest study site. Our studies on tits suggest that no consistent long-term difference in hatching success occurs between the study areas, with hatching success being higher in the forest in some years and in the urban park in other years, while the long-term means are similar (Glądalski et al. 2017, unpublished data) . Therefore, the difference that was found in the present study could be a statistical artifact or a result of some additional unknown factors.
Our previous studies have shown that blood hemoglobin concentration in nestling passerines is a reliable index of individual condition and nutritional state . Kaliński et al. (2015) suggested that extreme weather, with large amounts of rain and low temperatures, may cause depressed hemoglobin levels in the great tit nestlings, because heavy rainfall may prevent parents from efficient foraging on oak leaf-eating caterpillars. In 2017 a mismatch between nutritional needs of nestlings and caterpillar phenology was large enough to cause high levels of nestling reduction within broods. Contrary to the predicted hemoglobin difference, the larger hemoglobin level in 2017 may emerge because the decreased brood size (they emerged because of higher mortality in the cold year) may allow the survived nestlings to reach higher body condition. Experimental studies show that changes in brood size may affect body condition of nestlings and breeding success of tits (Fargallo and Merino 1999; Neuenschwander et al. 2003; Bańbura et al. 2013 ). We agree with Radchuk et al. (2019) that adaptive responses of animals to some effects of climate change may be insufficient. We also agree that extreme weather events may and should be treated as natural experiments and that they could explain and sometimes give the opportunity to explore things that would be very difficult or even impossible to study in a different way. In the light of gathered evidence on climate changes, the future weather will probably become more unstable and extreme. As a consequence, we will probably have plenty of opportunities to study natural experiments of this type in the coming century.
